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Abstract
Streptococcus mutans is the major cariogenic bacterium in the oral cavity. S. mutans
causes disease by three main virulence factors: acid production, acid tolerance, and biofilm
formation. S. mutans outcompetes various other species in the oral cavity, however it is affected
by hydrogen peroxide production by these species. Based on previous findings and this research,
hydrogen peroxide is shown to extend the lag phase of S. mutans but does not kill it unless
present in extremely high amounts that are generally not produced by commensal species like S.
sanguinis and S. gordonii in the oral cavity. CodY is a global regulatory protein in S. mutans that
functions in regulation of survival, especially during nutrient limitation. We hypothesized that
CodY may regulate hydrogen peroxide tolerance genes as these would also be related to survival.
Our findings show that upon exposure to hydrogen peroxide a codY mutant survives similarly
or better when compared to the wild-type UA159. The codY mutant also forms larger biofilms
than the wild-type UA159 when exposed to hydrogen peroxide during exponential phase of
growth. This may indicate that CodY represses a gene, or genes, involved in hydrogen peroxide
tolerance or that in its absence multiple genes are deregulated causing the observed phenotype.
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Introduction
The oral cavity is host to over 700 different types of bacteria, but Streptococcus mutans is
one of the largest contributors to oral disease (Aas et al., 2005; Baker et al., 2017). S. mutans is
most commonly found in the human oral cavity and is known for its role in dental caries (tooth
decay) (Lemos et al., 2013). S. mutans has established its role as a major cause of carious lesions
by its ability to form biofilms, produce acid, and adapt to low pH levels in order to outcompete
other organisms that would otherwise prevent its detrimental activity (Lemos et al., 2013). The
composition of bacteria that makes up one’s oral cavity varies due to both genetic and
environmental factors, however, growth of oral microbiota, including S. mutans, is encouraged
by the consumption of carbohydrates (Forssten et al., 2010). Changes in human diets over time
have encouraged growth of S. mutans and have increased incidence of dental decay and carious
lesions (Adler et al., 2013).
Discovery and Importance
S. mutans was discovered in 1924 by researcher J. Clarke when he isolated this species
from dental caries (Loesche, 1986). Clarke believed this Streptococcal species to be a mutant
because of its ovular shape. Although this species was first isolated in 1924, research into its
physiology and role in tooth decay did not really begin until the 1960s. At this time, researchers
discovered that S. mutans was found in high levels in carious lesions, but low levels in healthy
saliva (Loesche, 1986). In the oral cavity, S. mutans form biofilms, or plaques, that adhere to
tooth surfaces. When plaque builds up on the surface of a tooth, the bacteria inhabiting the
plaque produce acid as they take up and digest carbohydrates (Loesche, 1996). The acid
produced then demineralizes the tooth enamel causing decay and consequently a carious lesion
(Loesche, 1996).
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After establishing its place in the oral cavity, S. mutans can travel further through the
bloodstream and cause endocarditis, or inflammation of the heart valves, which can be fatal
(Abranches et al., 2009). Fortunately, formation of carious lesions, and its potential effect on
incidence of endocarditis, is a preventable disease. This disease could be greatly reduced with
proper dental care and placing importance on regular check-ups to address plaque before it
develops into mature biofilms with a large population of S. mutans. Addressing the problem of
dental caries can also help to prevent further spread of S. mutans to the heart, but further research
must be conducted to find more areas for preventative care targets in order to truly reduce
instance of cavity formation and tooth decay.
Virulence Factors
Virulence is the ability and severity to which an organism, bacteria or virus, can cause
disease. Virulence factors are often the means by which bacteria are able to colonize a host,
evade the immune system, or survive in the host. The major virulence factors of S. mutans are
acid-production, acid-tolerance, and biofilm formation which will be explored further in light of
past research. S. mutans acid-production is recognized as acidogenicity while its acid-tolerance is
recognized as aciduricity. S. mutans is known to produce large amounts of acid and withstand
low pH (pH<6) extremely well, increasing its ability to survive the acidic (pH<7) and
competitive environment in the oral cavity (de Soet et al., 2000). Additionally, biofilms aid in
adhesion and colonization of S. mutans, while furthering acid-tolerance mechanisms as they
grow (Jiang et al., 2017; Matsumoto-Nakano, 2018). S. mutans are highly virulent because of
these traits, enabling them to cause disease in humans.
Human diets with increased sucrose intake have higher levels of S. mutans in dental
plaques, while sucrose-restricted diets show lower levels of S. mutans in dental plaques
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indicating that introduction of sucrose into human diets may have increased their inhabitance in
the oral cavity (Loesche, 1996). Therefore, dental caries is a multifactorial disease influenced by
both the host’s, and subsequently microbe’s, diet. First, people intake large amount of
carbohydrates, including sucrose, leading the population of S. mutans that are already present to
produce acid through fermentation of these carbohydrates (Loesche, 1996). The acid produced
progressively changes the environment of the oral cavity to an acidic one, making it harder for
competing species that do not have strong acid-tolerance mechanisms to survive (Lemos et al.,
2013). This encourages growth of S. mutans, and periods of high acid-stress function to increase
its acid-tolerance and therefore its long-term survival (Jiang et al., 2017). S. mutans continue to
grow in biofilms which grow more acid-tolerant as they mature, building up a population of
bacteria that can survive high acidity, only allowing them to further utilize sugars to continue
producing acid, ultimately causing disease in the oral cavity (Jiang et al., 2017).
S. mutans is an Acidogenic and Aciduric Bacterium
As saliva does not adequately buffer pH changes in response to consumption of
carbohydrates, dental plaques and the bacteria that form them must be acid-adaptive (Loesche,
1986). Both S. mutans planktonic (free living) cells and biofilms with high S. mutans population
show greater aciduricity when starved, or in nutrient limiting conditions (Zhu et al., 2001). S.
mutans may upregulate survival genes during any period of growth limitation, explaining its
increased aciduricity in response to nutrient depletion (Derr et al., 2012). Additionally, when
placed in nutrient rich conditions and exposed to acid shock, S. mutans that had been previously
starved survived better than those grown initially in nutrient rich conditions (Zhu et al., 2001).
Interestingly, within these experimental conditions biofilms further had greater aciduricity over
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planktonic cells (Zhu et al., 2001). This seems to be related to the increased population of acidtolerant bacteria.
Prior exposure to low pH levels for short periods of time enable acid-adaptive response
mechanisms in S. mutans (Jiang et al., 2017). This indicates that stress conditions help to build
up acid tolerance response in this organism, providing them an extreme advantage over
commensal species. Additionally, as biofilms become more populated with acid-adaptive S.
mutans, the less likely biofilms are to be disrupted by acid-stress (Jiang et al., 2017). This
supports the idea that once biofilms populate an area of the oral cavity, they can be extremely
difficult to disrupt as they grow stronger, more acid-adaptive, and more populated with cariescausing S. mutans.
Biofilm Formation
Biofilms are surface adhered bacterial cells embedded within an extracellular polymeric
substance (EPS) matrix (Donlan, 2002). The first step of biofilm formation is for planktonic (free
living) bacterial cells to attach to a surface, which is a reversible attachment. Then, however,
these cells begin to conglomerate and form micro-colonies making the attachment irreversible.
The EPS forms around the micro-colonies, encasing them. The biofilm is then formed and
matures into multiple layers developing protective mechanisms that often increase survival of the
bacterial species within. After the biofilm reaches certain growth it releases planktonic cells to
adhere other places (Figure 1). Biofilms can survive on living or non-living surfaces. The
individual unit of a biofilm is a micro colony, which can contain multiple different bacterial
species (Donlan, 2002).
S. mutans has the capability to form biofilms. Generally S. sanguinis, S. oralis, and S.
gordonii are some of the primary colonizers of biofilms in the oral cavity, binding to salivary
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receptors present in saliva coating the surface of teeth (Kolenbrander et al., 2010). These
commensal species are present in the oral cavity from birth. S. mutans are secondary colonizers
of biofilms as they often attach after these commensal species already inhabit the surface of the
tooth. S. mutans PAc, a sucrose-independent cell surface protein antigen, facilitates attachment to
salivary proteins promoting biofilm formation (Koga et al., 1990; Matsumoto-Nakano, 2018).
Glucan-binding proteins also enable S. mutans attachment and colonization (Shah and Russell,
2004). With multiple mechanisms of binding and adhering to tooth surfaces S. mutans has
developed many forms of defense against potential inhibition of this necessary colonization
activity.
As oral biofilms grow, S. mutans can outcompete other species through acid production
and is therefore present in higher proportions (Kolenbrander et al., 2010). Furthermore, biofilms
continue to adapt to lower pH levels with greater exposure to these conditions, which may
indicate that eating acidic foods or carbohydrates that cause acid spikes in the oral cavity actually
facilitates the growth of S. mutans (McNeill and Hamilton, 2004). This is supported by findings
that indicate mature biofilms are more resistant to acid disruption as compared to younger
biofilms, indicating over time biofilms build acid tolerance response (Jiang et al., 2017). As
biofilms containing S. mutans continue to grow and mature they can further release these
extremely acid-adaptive bacteria to adhere to other tooth surfaces, allowing for further
colonization. Biofilms, therefore, further enable S. mutans to tolerate and adapt to acid-stress,
another virulence factor.
Hydrogen Peroxide Tolerance and Competition
S. mutans co-exists with many other species in the oral cavity, forming what are called
multispecies biofilms. S. mutans is found in high levels in the oral cavity during low pH, and
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appears to outcompete other species in this condition (Lemos et al., 2013). Furthermore, acid
production is a major method by which S. mutans manages to outcompete other species
(Santiago et al., 2012). However, other species in the oral cavity, specifically S. gordonii and S.
sanguinis, produce millimolar amounts of hydrogen peroxide which is a means to outcompete
other species, especially S. mutans, in the oral cavity (Figure 2) (De Furio et al., 2017; Zeng et
al., 2016). Higher proportions of S. gordonii and S. sanguinis typically indicate a healthy oral
cavity as these species do not cause decay and aid in reducing levels of caries-causing S. mutans
(Zeng et al., 2016). The mechanism by which S. mutans is able to survive hydrogen peroxide
stress and outcompete hydrogen peroxide-producing species in unclear; however, they must
possess some form of regulation, to facilitate this survival. As S. mutans is susceptible to death
from hydrogen peroxide, this regulation may not be as efficient as acid tolerance mechanisms.
Hydrogen peroxide concentrations in the range of 0.65 mM – 2mM extend the lag phase
of S. mutans indicating some effect on its growth, while concentrations above 33 mM caused
death (De Furio et al., 2017). Hydrogen peroxide concentrations decrease by approximately 1
mM in 5-10 hours in the presence of S. mutans, indicating that while hydrogen peroxide
suppresses their growth, S. mutans can still reduce hydrogen peroxide over time (De Furio et al.,
2017). In a biofilm environment, as the biofilm grows, building a larger population of S. mutans
and becoming more acidic, S. mutans will survive better than hydrogen peroxide producingspecies S. gordonii and S. sanguinis. Therefore, oxidative stress will become less of a problem
when less of these species are present. Oxidative stress may be one of the major limiting factors
to S. mutans survival since they have developed strong acid-tolerance and colonization
mechanisms through the use of biofilms.
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CodY as a Global Regulator
CodY is a global regulatory protein that functions both in activating and repressing gene
expression based on target gene and nutrient conditions (Kim and Burne, 2017). This protein
binds areas in the promoter of genes under its regulation called cod-Y boxes (Bennett et al.,
2007). The proposed consensus sequence for this protein is AATTTTCWGAAAATT, however,
it is likely that CodY can bind to similar motifs allowing for greater regulation with imperfect
binding (Belitsky and Sonenshein, 2008). CodY binds DNA by a helix-turn-helix motif
(Levdikov et al., 2006). CodY’s regulatory function is regulated by availability of both GTP and
branched chain amino acids, specifically isoleucine (Ratnayake-Lecamwasam et al., 2001;
Shivers and Sonenshein, 2004). The CodY protein is highly conserved in gram-positive bacteria,
and its function usually revolves around regulating the expression of genes involved with
nutritional state adaptation and virulence (Sonenshein, 2005a). CodY has further been implicated
in survival due to its regulatory functions in nutritional state adaptation (Stenz et al., 2011).
In S. mutans, CodY is a global regulator of gene expression and therefore plays a major
role in virulence and acid-adaptation (Lemos et al., 2008). CodY is highly active during log
phase growth, but is inactive during stationary phase when nutritional levels are lower (Lemos et
al., 2008). Previous studies have shown branched chain amino acids (bcAAs), specifically
isoleucine, to have an effect on the regulatory activity of CodY (Stenz et al., 2011). With high
levels of bcAAs, typically during log phase when nutritional levels are high, CodY functions to
repress gene expression (Stenz et al., 2011). However, with low nutritional levels or lack of
bcAAs genes under CodY control are activated which indicates that these genes function in
stress tolerance, adaptation and long-term survival (Stenz et al., 2011). This function of CodY
has been elucidated in many Gram-positive bacteria and CodY likely represses many genes that
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function to adapt to poor nutritional conditions when the bacterium is in exponential growth
phase as these adaptations would not be necessary (Molle et al., 2003). The most wellcharacterized genes found to contain the CodY motif in S. mutans include genes involved in
branched chain amino acid biosynthesis (ilvB, ilvE, and leuA) and amino acid metabolism (akh,
hom, hisC, serC, and thrC), with many of these genes also affecting acid tolerance mechanism
(Lemos et al., 2008).
Previous Studies: CodY Effects on Streptococcal Physiology
In S. mutans, CodY affects expression of 79 genes, by either direct or indirect interaction,
signifying its importance in this organism (Kim and Burne, 2017). CodY functions in both direct
and indirect interactions in order to globally regulate S. salivarius, which may extend to other
streptococci including S. mutans (Geng et al., 2018). Direct targets of the CodY protein in S.
salivarius were identified by binding assays and were found to be upregulated in the codY,
while indirect targets were found to be both up and downregulated (Geng et al., 2018). In S.
salivarius, codY shows slower growth than the wild-type strain indicating reduced function in
this mutant and overall effects on genes involved in growth, maintenance, and survival (Geng et
al., 2018).
CodY is a repressor of ilvE, a gene that functions in amino acid biosynthesis and is
involved in acid tolerance and survival (Santiago et al., 2013). CodY binds to ilvE’s promoter
under conditions with high levels of bcAAs, particularly isoleucine (Santiago et al., 2013).
CodY’s function in regulating ilvE is diminished in growth conditions lacking bcAAs, while ilvE
mutants have shown reduced acid tolerance under these conditions (Santiago et al., 2013). These
findings indicate CodY regulatory functions have an effect on acid-tolerance. Due to its role in
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survival and acid tolerance, it is possible that CodY functions in biofilm formation as this is
another mechanism of stress tolerance and survival in S. mutans (Lemos et al., 2008).
Previous studies have shown that deletion of genes, specifically codY results in loss or
reduction of acid-tolerance and therefore reduced growth at low pH indicating that acidadaptation is an important physiological function of S. mutans in the acidic environment of the
oral cavity (Lemos et al., 2008). Additionally, strains lacking a fully expressed CodY protein
have shown reduced survival in acidic conditions (Lemos et al., 2008). CodY likely regulates
acid response mechanisms either directly or indirectly, especially in considering its role in
regulation of ilvE. This further supports the idea that the CodY protein contributes to virulence in
S. mutans. A reduced capacity to form biofilms was seen in a mutant lacking codY (Lemos et al.,
2008). As biofilms are another major virulence factor, this finding, in addition to the codY
mutant showing less acid tolerance, indicates that codY may play a role in regulating virulence in
S. mutans, which may extend to hydrogen peroxide stress response (Lemos et al., 2008).
A recent study demonstrated that CodY may be an activator of an oxidative stress gene,
tpx, in other species (Hajaj et al., 2017). In S. pneumoniae, tpx is upregulated during oxidative
stress and when fully expressed, Tpx protein functions in removal of hydrogen peroxide during
high stress conditions (Hajaj et al., 2017). Three genes, tpx, dpr and sod, have been implicated in
oxidative tolerance mechanisms in S. mutans, and it is feasible that CodY could also have an
effect on activation of these genes (Fujishima et al., 2013).The tpx gene in S. mutans produces
thiol peroxidase which functions to catalyze the reduction of hydrogen peroxide and other
reactive oxygen species (ROS) to water and/or alcohol (Wen et al., 2017). Thiol peroxidase helps
to protect the cell from oxidative stress (Wen et al., 2017). CodY activation of oxidative stress
genes may explain S. mutans ability to continue to outcompete hydrogen peroxide-producing

Rioux 11
species, especially in the presence of low pH (Cheng et al., 2018; Derr et al., 2012). Due to these
findings and CodY’s role as a global regulator, we postulate that CodY serves a function in
hydrogen peroxide stress because of its role in regulation of other virulence factors.
As it is possible that CodY may aid in regulating virulence in S. mutans, along with
activating an oxidative stress gene, we will look at oxidative response of a codY deletion mutant
as compared to the wild-type strain. We will further this research by looking into hydrogen
peroxide stress effect on biofilms, another major virulence factor of S. mutans. We expect that if
CodY is a regulator of oxidative response by activating oxidative response genes in S. mutans,
the codY deletion mutant will experience extended lag phase in growth as compared to the wildtype. Furthermore, we expect that biofilm formation will be affected in the codY deletion mutant
and the mutant may not survive in as high proportions as compared to the wild-type in a biofilm
with competing species.
Strain Choice
The specific strain used, UA159, has a fully sequenced genome consisting of a one
circular chromosome containing 2,030,936 base pairs and a low G/C content (36.82%) (Ajdic et
al., 2002). As stated before, CodY protein is active in gram-positive species with low G/C
content therefore our approach to look at a codY (SMU1446) mutant of this strain is consistent
with prior research findings. Previous studies have shown codY mutant effects on acid tolerance
and biofilm formation and we will use this information to look at its effect on survival in
oxidative stress conditions and biofilm formation in the presence of hydrogen peroxide. We will
perform parallel tests on both the wildtype UA159 strain and the codY mutant for both control
and comparison purposes.
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Future Implications of this Research
A significant amount of research has been done on the role of CodY in other grampositive bacteria, but little is known about its role in hydrogen peroxide stress adaptation and
biofilm formation in S. mutans. The ultimate goal of studying these mechanisms of S. mutans is
to work towards preventing carious lesions caused by this organism in the future. Prevention of
this disease has the potential to not only save money spent on oral healthcare and allow for
further research into dental diseases, but also to save lives. Furthermore, research on CodY’s role
in S. mutans can facilitate new discoveries in related species to further our knowledge of this
protein. The objective of this project is to examine the codY mutant with respect to the wildtype
strain UA159 and compare their basic long-term survival rates, hydrogen peroxide survival rates,
and ability to form and maintain biofilms.
Our results indicate that the codY mutant survives hydrogen peroxide stress better than
the wild-type UA159. Under our experimental conditions, the codY mutant forms denser
biofilms than the wild-type. Although these findings disagree with our initial hypothesis that
CodY may be an activator of oxidative stress response genes, it is now important to assess
whether CodY is instead a repressor of these genes. Future directions would include more
phenotypic studies to ensure replicability and genetic studies to look at potential targets of CodY
regulation through transcriptional assays.
Materials and Methods
Bacterial Strains
Streptococcus mutans wild-type (UA159) (Ajdic et al., 2002) and mutant strain
(SMU1446) (Quivey et al., 2015) were used in this study. SMU1446 (codY) strain was
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generated as described previously by ligation independent cloning. SMU1446 contains a single
gene deletion in the codY ORF.
Growth Conditions
S. mutans were maintained on Brain Heart Infusion (BHI) (Sigma-Aldrich, St. Louis,
MO, USA) agar plates and batch cultures were grown in BHI broth with 5% (vol/vol) CO 2-95%
(vol/vol) overnight.
Growth Curves
Colonies of UA159 and codY were transferred to BHI broth overnight cultures.
Overnight cultures were then diluted 1:10 and growth was monitored by OD600 readings until
reaching death phase. All samples were grown in BHI under the following conditions: H 2O2
(Sigma-Aldrich, St. Louis, MO, USA) added to a final concentration of 0.4 mM and 1 mM.
Control samples were prepared with no hydrogen peroxide and run alongside H 2O2 challenged
samples. Terminal pH was recorded for all cultures.
Hydrogen Peroxide Challenge
BHI broth cultures of UA159 and codY were grown overnight. 24 hours later, overnight
cultures were diluted 1:20 and OD600 read until reaching ~0.5. The cells were harvested at 10K
rpm for 15 minutes and placed on ice. The cells were resuspended in 9 mL BHI. 100 uL was
removed and serially diluted (10-2 to 10-8) in 1 mL of glycine for a time point 0 sample. 1 mL of
0.5% H2O2 was then added to the resuspended cells. The cells were kept in a 37C water bath
and 100 uL aliquots removed for serial dilutions at 15, 30, and 60 minutes. The terminal pH was
recorded after 60 minutes. All dilutions were plated on BHI agar. Colonies were counted after 48
hours of incubation in 5% (vol/vol) CO2-95% (vol/vol).
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Biofilm Quantification Assay
UA159 and codY were grown in BHI broth overnight. The overnight culture was diluted
1:10 in both TY + 1% (w/v) sucrose and TY + 1% (w/v) glucose 24 hours later and growth
monitored to an OD600 of ~0.5. The, 100 uL of each dilution was added per well to a 96-well
plate. As a control, wells were inoculated with just the media alone. The plate was incubated for
48 hours and then the supernatant removed to decant planktonic cells. The plate was then washed
three times and left to dry overnight. When dry, the biofilms were stained with 100 uL crystal
violet (0.1% w/v) (Sigma-Aldrich, St. Louis, MO, USA) for 15 minutes and then washed five
times with distilled water. The plate was left to dry for approximately 4 hours. When dry, 125 uL
of 30% (vol/vol) acetic acid (Sigma-Aldrich, St. Louis, MO, USA) was added to each well for 15
minutes to extract the crystal violet. The extracted crystal violet from each well was transferred
to new wells and the absorbance quantified at 575 nm using Beckman Coutler AD 200 plate
reader. Each strain was grown in both TY + 1% sucrose and TY + 1% glucose media under the
following conditions: no H2O2 added, H2O2 added to a final concentration of 0.4 mM, H2O2
added to a final concentration of 1 mM, and H 2O2 added to a final concentration of 2 mM.
Results
Growth Curves
To demonstrates the effects of hydrogen peroxide on bacterial growth, wild-type and
codY mutant strains were grown both without stress and with increasing concentrations of
hydrogen peroxide. The codY mutant grows similarly to wild-type UA159 under no stress
conditions (Figure 3, Table 1). The codY mutant’s growth was less affected than the wild-type
UA159 under hydrogen peroxide stress conditions (Figure 4A). Although the doubling time for
the mutant was longer indicating slower growth, its doubling time was less affected by addition
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of hydrogen peroxide than that of the wild-type (Table 1). In a second experiment, the codY
mutant grew better than the wild-type under the same hydrogen peroxide stress conditions
(Figures 4B). Doubling time for wild-type UA159 control was significantly slower upon addition
of hydrogen peroxide while, doubling time for codY mutant control was actually faster with
hydrogen peroxide (Table 1).
Hydrogen Peroxide Challenge
To determine differences in hydrogen peroxide tolerance the codY mutant and wild-type
were exposed to hydrogen peroxide during exponential growth phase. UA159 and the codY
mutant appear to be similarly inhibited by hydrogen peroxide when exposed to it during
exponential growth phase (Figure 5A). However, in a second hydrogen peroxide challenge, the
codY mutant shows better survival than UA159 under the same hydrogen peroxide stress
conditions (Figure 5B). The results of the second inhibition assay show a strong phenotype that
also supports the results of the growth curves in that the codY mutant may survive hydrogen
peroxide stress better than the wild-type UA159. Although inconclusive, the data demonstrates
that the codY mutant may tolerate hydrogen peroxide to an equal or greater extent than that of
the wild-type.
Biofilm Quantification Assay
To determine how hydrogen peroxide affects initial colonization and growth, S. mutans
biofilms quantification assays were performed. S. mutans were grown to exponential phase and
then exposed to hydrogen peroxide stress before biofilm formation had begun. The codY
mutant appears to make greater amounts of biofilm as compared to the wild-type UA159 under
no stress conditions (Figure 6). It also appears that the codY mutant forms a denser biofilm
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when exposed to greater amounts of hydrogen peroxide further supporting that this mutant is
better adapted to dealing with hydrogen peroxide stress than the wild-type (Figure 6).
Discussion
To investigate the role of hydrogen peroxide stress on codY mutant physiology, growth
curves, hydrogen peroxide challenges, and biofilm quantification assays were performed.
Altogether these experiments provide information about growth, survival, and potential for
virulence in the mutant strain as compared to the wild-type. We initially postulated that the
CodY protein functions to regulate hydrogen peroxide stress tolerance by activating oxidative
stress genes due to findings that CodY activated tpx in S. pneumoniae (Hajaj et al., 2017). Our
results, however, contradict this hypothesis and indicate that CodY may instead function in
repression of these genes, similar to its function in nutritional state adaptation and survival genes
in S. mutans.
Growth curves allowed us to characterize basic growth of both the wild-type and mutant
under conditions of no stress and hydrogen peroxide stress. These growth curves show
characteristic bacterial growth with lag, exponential, stationary and death phases. Lag phase of
growth is at the beginning of the curve before the bacteria are actively growing and dividing.
Exponential phase follows, where more cells are dividing than dying. Stationary phase is when
the same number of bacteria are dying as are dividing. Finally, death phase is when more
bacteria are dying than dividing. An extension of the lag phase in the mutant compared to the
wild-type would indicate that the CodY protein is necessary for normal growth under the
condition tested – in this case hydrogen peroxide. As a control, similar growth in the mutant and
wild-type was observed in growth curves performed under no stress conditions (Figure 3). This
more effectively allows us to compare results and determine whether the phenotype observed is
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due to the stressor or simply a result of a mutant growth defect. Based on CodY’s function as a
nutritional gene regulator, normal growth phenotype would be expected under nutrient rich
conditions (Lemos et al., 2008).
Results indicate that codY mutant shows similar or better survival when exposed to
increasing amounts of hydrogen peroxide (Figure 4). However, the wild-type UA159 strain
showed significantly lowered survival when exposed to a final concentration of 1 mM hydrogen
peroxide as compared to survival when exposed to either no hydrogen peroxide or 0.4 mM
hydrogen peroxide (Figure 4). Previous research indicated that between 0.65 and 1 mM, amounts
of hydrogen peroxide may slow the growth of the wild-type, therefore, the wild-type exposed to
0.4 mM should not have behaved differently than the wild-type exposed to no hydrogen
peroxide, while the wild-type exposed to 1 mM should have experienced a lag in growth (De
Furio et al., 2017). In our study the wild-type exposed to 0.4 mM hydrogen peroxide did show an
extended lag phase. We expected the codY mutant to show even more of a lag phase if CodY
was acting as an activator of oxidative stress response genes or important in oxidative stress
response, but it did not. Previously, it was concluded that CodY did have regulatory functions in
oxidative stress response in S. thermophilus as the codY mutant displayed lowered capacity for
growth and survival under high hydrogen peroxide stress conditions as compared to the wildtype (Wang et al., 2017). Our data is ultimately inconclusive, however, the difference in codY
mutant response may be due to the fact that CodY is acting as a repressor of oxidative stress
response genes in S. mutans. CodY often represses genes involved in nutritional state adaptation
and virulence contributing to its survival (Lemos et al., 2008). Since hydrogen peroxide stress
tolerance is inherent to the survival of this bacterium in the oral cavity, it is possible that CodY—
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a global regulatory protein implicated in survival—may extend its function to the regulation of
oxidative stress response genes.
The codY mutant’s tolerance to oxidative stress was another physiological characteristic
of interest. Stress tolerance differs from growth under stress conditions. Bacterial strains may be
able to tolerate a certain amount of a stressor, like hydrogen peroxide, before death, while ability
to grow under stress means that the bacteria is able to express genes and actively divide in the
presence of the stressor. The lack of a significant growth phenotype indicated that the codY
mutant would also survive exposure to hydrogen peroxide in a challenge assay. Hydrogen
peroxide challenges allow us to determine whether the mutant or the wild-type survives better
upon exposure to a stressor, in this case hydrogen peroxide. If the CodY protein is necessary in
surviving the stressor then the mutant should show decreased survival over time after hydrogen
peroxide is introduced as compared to the wild-type.
Results indicated that the mutant exhibited similar or better survival upon exposure to
hydrogen peroxide when compared to the wild-type (Figure 5). As the mutant did not show
decreased survival compared to the wild-type, CodY is not necessary for hydrogen peroxide
stress tolerance and is likely not an activator of these genes. These results agree with the above
results from the growth curve data in that the lack of CodY does not result in decreased growth
or tolerance, but rather apparent increased growth and tolerance. Again, this is supported by data
that implicate CodY as a repressor of survival genes in S. mutans (Lemos and Burne, 2008).
Biofilm quantification assays provide information about how the mutant forms biofilms
compared to the wild-type. Biofilms are an important characteristic for S. mutans since biofilms
are a major virulence factor that allows the bacteria to colonize the mouth and cause dental
decay. We performed these assays under no stress and stress conditions by growing the bacteria
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to exponential phase, then exposing them to hydrogen peroxide before the biofilm was initiated.
Exposure prior to biofilm formation would assess the ability of the strains to attach and
consequently grow after exposure to a stressor. Studying how mutant biofilms form in the wildtype in the absence of the stressor provides information on whether this mutant shows a
deficiency in biofilm formation overall. Decreased biofilm formation in the mutant in the
absence of the stressor would indicate that CodY is essential for biofilm formation. The presence
of the stressor provides information about how hydrogen peroxide may affect the initial
formation of biofilms in the mouth as hydrogen peroxide is produced by commensal competitor
species (Kreth et al., 2005). If we observed decreased biofilm denseness in the mutant strain in
the presence of the stressor that would indicate that CodY is necessary for normal biofilm
formation in the presence of hydrogen peroxide.
Our results indicated that under both no stress and hydrogen peroxide stress conditions,
the codY mutant made denser biofilms than the wild-type. Although a study found that a codY
mutant showed decreased biofilm formation, we observed increased biofilm formation in the
codY mutant over the wild-type UA159 (Lemos et al., 2008) (Figure 6). These results disagree
with the initial hypothesis that CodY may function in activating oxidative stress tolerance genes,
as seen in S. pneumoniae. Overall, the codY mutant showed a phenotype where its behavior was
equal or better than that of the wild-type under hydrogen peroxide stress conditions. There are
various reasons why the codY mutant shows better growth and survival than the wild-type upon
exposure to hydrogen peroxide including, but not limited to: upregulation of oxidative stress
response genes in the absence of CodY and/or overall deregulation of gene expression in the
absence of CodY.
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First, these results could indicate that the CodY protein may be functioning to repress
genes involved in hydrogen peroxide stress tolerance. This is supported by findings that CodY
mainly functions as a repressor in S. mutans (Lemos et al., 2008; Sonenshein, 2005b). Therefore,
in its absence, its target genes would not be repressed and would instead be constitutively
expressed. Upon exposure to hydrogen peroxide stress, these genes would already be expressed
and available to combat the hydrogen peroxide stressor. In the wild-type, however, exposure to
the stressor could be the signal that trigger expression of these genes. CodY as a regulator is
dependent on signals. If hydrogen peroxide plays a role in a signal, this could be the mechanism
that is used to modulate CodY activity under these conditions.
S. mutans encodes a tpx gene which is known to help with breakdown of hydrogen
peroxide through reduction of ROS to water and/or alcohol (Crepps et al., 2016; Wen et al.,
2017). A potential Cod-Y box was found in the intergenic region of this gene (Figure 7A). As
CodY typically binds to a consensus sequence AATTTTCWGAAAATT similar to that found in
the promoter region of tpx, it may represent a CodY binding site that would allow for regulation
by this protein (Figure 7B and 7C) (Belitsky and Sonenshein, 2008). Although in S. pneumoniae
CodY was shown to activate tpx, based on our results CodY may function to repress tpx, or other
oxidative stress response genes in S. mutans (Hajaj et al., 2017). Since CodY is known to
function as both an activator and repressor, it is plausible that CodY may be repressing oxidative
stress response genes rather than activating as seen in S. pneumoniae (Kim and Burne, 2017).
Previous studies have shown that addition of the CodY protein did not increase transcription of
sod or tpx in vitro in S. mutans, both of which are known oxidative stress response genes
(Kajfasz et al., 2015). This could support the idea that CodY is instead a repressor of these genes.
As the Kajfasz et al. (2015) study was focused on other activators of oxidative stress genes and
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not CodY, they did not look at the effect of adding increasing amounts of CodY or using a
codY mutant to perform their studies.
Our study demonstrates that hydrogen peroxide does not hinder the codY mutant’s
growth behavior as compared to the wild-type UA159. As CodY is a global regulator, the codY
strain, lacking a global regulatory protein, may result in genes being deregulated under stress
conditions, which may account for the phenotype observed (Derr et al., 2012). Furthermore, in
Listeria monocytogenes, CodY was found to be a major regulatory protein, both in activation and
repression, of genes and pathways involved in metabolism, stress responses, motility and
virulence (Lobel and Herskovits, 2016). Loss of this major regulatory protein would likely cause
major changes to the function of the bacterial strain that could affect any of the genes or
pathways under CodY regulation. Lack of CodY has different effects in each bacterial strain that
has been characterized, which indicates the importance of characterization of the S. mutans
codY mutant (Stenz et al., 2011).
The next step to determine whether the absence of CodY is causing deregulation of genes
and increasing the mutant’s survival is to identify genes regulated by the CodY protein and
create double-deletion mutants. For example, to observe whether absence of CodY is causing
deregulation of the tpx gene, transcriptional assays would be performed in the codY background
strain to compare tpx transcriptional activity to that of the wild-type. Using a codY and tpx
mutant should also allow for observation of a phenotype. If a difference in phenotype is seen
between the wild-type, single deletion mutant codY, and double deletion mutant codY and
tpx, then CodY may have a clearer role in regulation of oxidative stress genes.
However, before moving to double deletion mutant studies and transcription assays, the
experiments presented in this study should be repeated. This will ensure a clear phenotype is
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observed and replicable, as well as confirming that our strains are behaving consistently.
Additionally, these studies should be taken further by exposing the strains to higher amounts of
hydrogen peroxide. Using increasing amounts of hydrogen peroxide may show a clearer
phenotype and may give a better range of how much hydrogen peroxide is required to inhibit or
kill the bacteria. Furthermore, the biofilm quantification studies should be repeated with
differently aged biofilms and varied exposure to hydrogen peroxide at these different ages. This
would provide a clearer idea of how hydrogen peroxide affects a young or mature biofilm to a
greater extent. It may also elucidate whether there is a difference in the wild-type or codY
mutant in this aspect of growth vs. survival.
As is clear in the growth curves, the bacteria grow differently each day, therefore growth
curves are not the most reliable way to determine a phenotype (Figures 3 and 4). However, in
combination with the other physiological studies, hydrogen peroxide challenge and biofilm
formation assay, we observed the trend that the codY mutant showed greater hydrogen peroxide
tolerance. Overall, it is still unclear whether the CodY protein has an effect in oxidative stress
tolerance mechanisms in S. mutans. The future directions of this project should include further
phenotypic and genetic studies in order to uncover whether the CodY protein has a role in
oxidative stress response. Additionally, results from this study could be confirmed by repeating
experiments with new frozen stocks of the UA159 strain. Finally, the overlap in stress response
should be studied more in detail to include hydrogen peroxide challenges under acidic or nutrient
limiting conditions. As CodY functions as a global regulator, its function may lend itself to an
overlap in these responses and therefore a stronger mutant phenotype.
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Figures

Figure 1. Schematic of biofilm formation in the oral cavity. Planktonic cells attach reversibly
to the surface of a tooth. They then form micro-colonies and are irreversibly attached. The
extracellular polymeric substance (EPS) forms around the micro-colonies and different species
begin to inhabit the biofilm. A mature biofilm forms and then begins to release planktonic cells to
attach to other surfaces. The primary colonizers or biofilms are generally Streptococcus sanguinis,
S. oralis, or S. gordonii (not shown) and S. mutans is a secondary colonizer as indicated by
different color cells (adapted from Donlan, 2002).
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Figure 2. Schematic of species competition in the oral cavity. Streptococcus mutans produces
acid; a byproduct of metabolism, to outcompete S. sanguinis, while S. sanguinis produces
hydrogen peroxide to inhibit S. mutans. As indicated, CodY may have some function in helping S.
mutans adapt to hydrogen peroxide stress. Glutathione peroxidase enables S. sanguinis to
metabolize hydrogen peroxide (adapted from De Furio et al., 2017).
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Figure 3. UA159 wild-type and the codY mutant show similar growth under no stress
conditions. UA159 and codY mutant strains were each plated on BHI agar from frozen stocks
and grown in CO2 conditions for 3 days. Colonies from these plates were used to inoculate BHI
broth and left to grow overnight. Samples were diluted 1:10 in BHI broth and OD600 reading was
taken approximately every hour for 22 hours. This is a representative growth curve.
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Figure 4. The codY mutant shows similar or better growth than the wild-type UA159 under
H2O2 stress conditions with no stress controls of UA159 and the codY mutant. (A) n=2 and
(B) n=3 represent growth curves run on different days. UA159 and codY mutant strains was each
plated on BHI agar from frozen stocks and grown in CO2 conditions for 3 days. Colonies from
these plates were used to inoculate BHI broth and left to grow overnight. Samples were diluted
1:10 in BHI broth and OD600 reading was taken and then H2O2 was added and readings were
taken approximately every hour for 24 hours. Error bars are derived from standard deviation.
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Table 1. Doubling time for wild-type and codY mutant strains under both non-stress and
hydrogen peroxide stress conditions. ND indicates that no data was recorded for that strain
under that condition. WT and codY 1 represent data from the growth curve in Figure 3 where
n=1. WT and codY 2 represent the data from Figure 4A where n=2. WT and codY 3 represent
the data from Figure 4B where n=3. * indicates this strain/condition showed limited growth.

No H2O2

0.4 mM H2O2

1 mM H2O2

Wild-type 1

88 min

ND

ND

Wild-type 2

165 min

184 min

181 min

Wild-type 3

323 min

492 min

10,103 min*

codY 1

78 min

ND

ND

codY 2

236 min

231 min

236 min

codY 3

177 min

121 min

122 min
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Figure 5. codY mutant shows similar or greater H2O2 survival than UA159. (A) and (B)
represent experiments run on different days. Overnight cultures were grown from plating of frozen
stocks. On the day of the experiment overnight cultures reading ~0.9 OD 600 were diluted in BHI to
OD600 ~0.5. The overnights were then centrifuged (15 min, 3000 rpm) and the pellets resuspended
in 9 mL of BHI. Serial dilutions (10-2 – 10-8) were performed before addition of H2O2. H2O2 was
then added to a final concentration of 0.05% and cultures were incubated at 37C. 100 uL of
sample was removed at 15 min, 30 min, and 60 min to perform dilutions as above. The serial
dilutions were plated and placed in the CO2 incubator for ~2 days. Once sufficient growth was
observed colonies were counted and the results graphed. A and B both represent an n=2 with
standard deviation error bars.
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Figure 6. The codY mutant forms larger biofilms than wild-type UA159 in sucrose. Wildtype UA159 (black bars) and codY mutant (white bars) were grown to OD600 of ~0.5 And were
then plated in 96-well plates without hydrogen peroxide as a control and with different amounts of
hydrogen peroxide as experimental tests. After 48 hours the supernatant was removed and the
wells left to dry. The biofilms were then stained with crystal violet, extracted with acetic acid and
quantitated at a wavelength of 575 nm. For each control n=48, while for each experimental n=8
with standard deviation error bars.
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Figure 7. Schematic of CodY binding to tpx gene. (A) Shows a potential CodY binding motif in
an intergenic region of tpx upstream of the promoter in S. mutans with consensus where * means
conserved residue change and _ means non-conserved residue change. (B) When CodY is bound it
functions as a repressor so that RNA polymerase cannot bind the promoter of the gene of interest
and transcription cannot occur. (c) When CodY is absent or not bound then RNA polymerase can
bind to the promoter and initiate transcription of the gene of interest.

